clearly revealed the functional consequences of the substitutions at position 216. To understand better the structural basis for their altered specificity, the GA216 + MA190 and GL216 + MA190 mutants have been crystallized both with and without a representative series of peptide boronic acid transition-state analog inhibitors. An empirical description and non-parametric statistical analysis of structural variation among these enzyme: inhibitor complexes is presented. The roles of active site plasticity and dynamics in a-lytic protease function and substrate preference are also addressed. The results strongly suggest that substrate specificity determination in a-lytic protease is a distributed property of the active site and substrate molecule.
Introduction
The primary function of an enzyme is to catalyze chemical reactions by binding substrate(s) in a manner that stabilizes the transition state (Pauling, 1948) . The exact method by which this stabilization is achieved varies from enzyme to enzyme, but is always the result of tradeoff between energetically favorable (e.g. hydrogen bonding, electrostatic complementarity and burial of hydrophobic surfaces) and unfavorable (e.g. bond distortion, cavity formation and entropic penalties) interactions. A key feature of the transition state complex is the precise positioning of the substrate molecule relative to the other components of the active site, a non-trivial requirement for molecules undergoing thermal fluctuations and other dynamic processes. A substrate must be held in place long enough for catalysis to occur, yet the interaction must be sufficiently weak to permit dissociation of the reaction products. Specificity results from the ability of an active site to accommodate a limited range of possible transition state conformations and hence a restricted set of substrates (Fersht, 1985) . Detailed understanding of the structural basis of substrate specificity is extremely valuable, both for the information it can provide concerning the nature and magnitude of the forces involved in catalysis and because it can permit the rational modification of enzymes to produce desired changes in specificity.
a-Lytic protease (aLP), an extracellular serine protease of Lysobacter enzymogenes homologous to mammalian serine proteases of the chymotrypsin family (Silen et al., 1989; Whitaker, 1970) , is a well-characterized system that can exhibit unique modes of substrate accommodation involving greatly increased active site plasticity while retaining high levels of activity (Bone et al., 1989b) . Within this versatile framework, systematic modification of substrate and enzyme structure can be used to identify specificity determinants and test the limits of the catalytic mechanism Bone et al., 1989a Graham et al., 1993 Graham et al., , 1994 Mace et al., 1995) .
The primary specificity (S 1 ) † pocket of aLP is defined by the side-chains of Met190 ‡, Met213 and Val218, and the polypeptide backbone of residues 214 to 216. Wild-type aLP is specific for peptide substrates with small hydrophobic side-chains at the P 1 position, largely due to the two methionine side-chains at positions 190 and 213, which occupy most of the S 1 pocket. Mutation of either of these residues to alanine significantly broadens the specificity of the enzyme, enabling it to cleave substrates with large hydrophobic P 1 side-chains with high efficiency (Bone et al., 1989a . Analysis of X-ray structures of these mutants in complex with transition state analogs reveals that the active site has become significantly more plastic. Backbone shifts for residues 215, 216, 218, 219 and 219A and side-chain repacking within residues 190, 213 and 218 permits the mutant enzymes to accommodate a wide range of P 1 side-chains. The backbone shifts resemble those observed for complexes of the same inhibitors with wild-type enzyme, but are of considerably greater magnitude. Analysis of MA190 § and MA213 aLP indicates that the observed patterns of substrate specificity arise from interactions between the substrate and the residues lining the specificity pocket, modulated indirectly by peripheral regions of the structure . Alanine substitution mutations within one such region, the 19 amino acid surface loop consisting of residues 216 to 226, do indeed affect the substrate specificity profile of the enzyme through a combination of static structural changes and altered active site plasticity .
In the discussion that follows, it is important to distinguish between plasticity and flexibility in the description of protein dynamics. We use plasticity to refer to positional variation that is constrained to a set of local energy minima. Transition from one accessible conformation to another requires traver- sal of an energy barrier of significant height. Flexibility refers to the more degenerate case with a continuum of possible conformations of equal energy.
Replacement of Gly216 with alanine in MA190 aLP results in a 4400-fold decrease in activity (k cat /K m ) toward succinyl-L-Ala-L-Ala-L-Pro-Phe-pnitroaniline (sAAPF-pNA) substrate, yet produces only to 2-to 50-fold changes in k cat /K m for homologous substrates with smaller P 1 side-chains (see Figure 1; and Mace et al., 1995) . Residue 216 in the trypsin family of proteases is an attractive target for mutagenesis with the goal of altering substrate specificity. Although residue 216 is glycine in trypsin, chymotrypsin, thrombin, kallikrein, a-lytic protease and Streptomyces griseus proteases A and B, it is valine in elastase, where it restricts the size of the S 1 pocket to accept only small P 1 side-chains. Previous attempts to mutate residue 216 in rat trypsin generated enzymes that were down 50-to 100-fold in activity. However, the number of substitutions made at position 216 and the range of substrates tested were limited (Craik et al., 1985) .
Random mutagenesis of position 216 in the enzyme and characterization of each active mutant against a panel of eight substrates, made possible by new methods for the rapid purification and kinetic characterization of aLP , have revealed that amino acids as large as tryptophan are tolerated at this position. Not surprisingly, the side-chain at position 216 has a major effect upon the substrate specificity and overall activity of the enzyme. High levels of expression for several of the mutants have made it possible to perform highresolution X-ray crystallographic analysis of these enzymes in complex with peptide boronic acid transition state analogs. In this paper we describe these new aLP mutants and their inhibitor complexes, and attempt to correlate their structures with the observed catalytic properties of the enzymes. † The P and S nomenclature of Schechter & Berger (1967) is used. P1 is the substrate residue before the scissile bond; P2, P3, etc. extend toward the N terminus. S1, S2, etc. are the corresponding binding subsites on the enzyme. ‡ Residues are numbered according to the system described by Fujinaga et al. (1985) and reflect structural homology with chymotrypsin. Previous papers from the Agard Lab used a slightly different numbering scheme (James et al., 1978) . For reference, Met192 in the old scheme becomes 190; Val217A becomes 218; and Met213 remains 213.
§ Due to the large number of insertion residues in the aLP sequence, the notation used for mutations is slightly non-standard, with the substitution represented by one-letter amino acid codes in the first two characters and the position of the mutation by the remaining numbers and letters. Hence, SA219A represents an alanine substituion for Ser219A. Double mutations are indicated by a plus ( + ) symbol, as in GA216 + MA190.
Results and Discussion

Substrate specificity is altered by mutations of Gly216
Gly216 in the MA190 mutant of aLP can be replaced with a variety of other amino acids while retaining reasonable activity and levels of production. Gly, Ala, Ser, Thr, Val, Gln, His, Ile, Leu, Phe, Tyr and Trp mutations are all active, although production levels for the mutants with larger substitutions do decrease significantly. The mutation of residue 216 to Asn, Asp, Lys, Arg or Pro results in no production of active enzyme. As would be expected, premature termination of the protein with a stop codon at this position is not tolerated.
The reason for the exceptional tolerance of residue 216 of mutations appears to be the large substrate binding pocket created by the MA190 mutation. Large side-chains such as His, Phe, Tyr and Trp can be accommodated, presumably by packing between the b sheets comprising the walls of the binding pocket. Modeling with computer graphics suggests that such structures are reasonable, although it is likely that they will cause significant distortion of the structure surrounding the active site. Smaller or more flexible side-chains can fit within the existing pocket. Regardless of size, however, the physical shape of the S 1 -S 3 subsites of the enzyme is altered by the replacement of Gly216 with other amino acids and the new steric constraints should affect amino acid preference in the P 1 -P 3 positions. It is worth noting that substitutions that have formal charges are clearly not compatible with the hydrophobic active site of aLP; nor is asparagine. It is possible that these charged and polar side-chains interfere with the extensive network of hydrogen bonds linking residues around Met190 with portions of the large 216 to 226 surface loop of a-lytic protease. Even minor changes within this loop can significantly alter the catalytic ability of the enzyme .
The values of the kinetic parameters k cat , K m and k cat /K m and their graphical representations presented in Figure 2 express the functional consequences of mutating Gly216 to each of 13 different amino acids in MA190 a-lytic protease. From the values of k cat /K m in Figure 2 (a), it is clear that the substitution at residue 216 can have effects as large as 24,000-fold on the rates of hydrolysis for the various substrates tested. Smaller side-chains at residue 216 produce changes in the catalytic rate consistent with their steric properties. As side-chain volume increases, overall enzyme activity decreases for all substrates, although less so for Ala, Thr and Met substrates. Wild-type and MA190 a-lytic proteases have unusually high activity toward substrates with P 1 = Met, due to the exceptional flexibility and non-polar character of the methionine side-chain, which permits it to fit well into topologically complex binding pockets (Bone et al., 1989a . The retention of activity toward Met substrates by the mutants at position 216 is therefore not surprising. The steric effects of substitutions for Gly216 appear greatest for Ile substrates, most likely due to the b-branching and associated conformational properties of this P 1 residue. b-Branching of the amino acid side-chain at position 216 appears to increase k cat against many substrates, although with a corresponding increase in K m . The GQ216 + MA190 mutant behaves somewhat anomalously for its size, possibly as a consequence of its polar character.
Enzymes with Leu, Phe, Tyr or Trp side-chains at position 216 have remarkably similar and relatively featureless specificity profiles. They favor substrates with P 1 = Ala; however, they also retain significant residual activity (k cat /K m values of the order of 50 M −1 s −1 ) against the other substrates. Complexes of wild-type (Bone et al., 1989a) and GL216 + MA190 (presented here) a-lytic protease with mAAP-boroPhe inhibitor, in which the carbonyl group of Phe is replaced by -B(OH) 2 , have structures in which the bulky P 1 side-chain does not reside properly in the S 1 pocket. The residual activity seen in these mutants may, therefore, be a property more of the catalytic machinery of a-lytic protease than of its substrate binding pocket, possibly representing a baseline level of catalysis for even poorly oriented substrate molecules that do not make use of interactions with the S 1 subsite.
From Figure 2 , it may also be observed that the altered substrate specificity measured by k cat /K m is largely the result of changes in k cat . The K m values for the eight substrates tested against each of the mutant enzymes are quite similar, spanning only two orders of magnitude, while k cat values vary over five. This suggests that mutations at residue 216 affect the transition state of the reaction rather than the initial formation of the Michaelis complex between substrate and enzyme. Non-optimal positioning of the scissile bond with respect to the catalytic triad, or perhaps slight distortions of the triad itself due to structural perturbations in the enzyme:substrate complex, could easily account for the observed changes in activity. It is somewhat surprising that mutations of Gly216 have so little effect upon K m , given that they significantly alter the topology and chemical character of the P 1 subsite of the enzyme.
Beyond altering the size and shape of the substrate binding pocket, the presence of a side-chain greatly limits the possible torsion angles for the polypeptide backbone at residue 216. The amide nitrogen and carbonyl oxygen atoms of residue 216 participate in important hydrogen bonds to the P 3 amino acid of substrate molecules. Changes to the protease backbone geometry at 216 will thus affect the positioning of substrate within the binding pocket. The conformational limitations of non-glycine residues also eliminate one of the major regions of increased active site plasticity in MA190 aLP. In this enzyme, changes in the F and C backbone torsion angles enable the a carbon of The scales range from white for the minimum parameter value in the panel to black for the maximum value. In (a) and (b), the scaling is logarithmic, in (c), it is linear. Note that residue 216 is Gly in MA190 a-lytic protease and that the 216 substitutions and substrates are tabulated in order of increasing side-chain volume, beginning in the lower left corner. Rate data could not be measured for GH216 + MA190 aLP with sAAPG-pNA or sAAPV-pNA as substrate.
Gly216 to shift by as much as 1 Å to accommodate peptide boronic acid transition state analogs (Bone et al., , 1989b . Decreased active site plasticity would certainly contribute to the narrowed substrate specificities observed for the mutants at position 216 (see Figure 2(a) ).
If backbone geometry in the vicinity of residue 216 plays an important role in positioning the substrate for hydrolysis, then longer substrates should be affected more than those not extending out to the P 3 subsite. The concentration of enzyme in the various reactions was determined by scaling the kcat/Km value for sAAPA-pNA substrate to the known value from Figure 2 .
a Values obtained via the plate assay technique .
and other enzymes (Bauer et al., 1981; Thompson & Blout, 1970 , 1973 . However, the substitution of Gly216 results in approximately tenfold decreases in k cat /K m for substrates possessing P 3 and P 4 residues. Smaller decreases are seen for shorter substrates. Therefore, mutations of Gly216 do indeed have a greater effect upon substrates that interact with the P 3 and P 4 subsites. The effect is largely independent of the side-chain at position 216, suggesting that either large side-chains such as Phe can be accommodated at 216 without significant distortion (contrary to modeling), or the distortions do not greatly affect the hydrolysis of the substrates tested. Val at position 216 seems somewhat less disruptive, and Gln somewhat more so, than the other substitutions examined. The reduced rate of hydrolysis for the short acetyl-Ala-pNA and succinyl-Ala-Ala-pNA substrates is intriguing. It may indicate that substitutions at position 216, with their concomitant effects upon backbone geometry and flexibility, affect more fundamental aspects of the catalytic mechanism of aLP. For example, were they to interfere with correlated motions of active site elements, these mutations might adversely affect the hydrolysis of all substrates regardless of the extent of the enzyme:substrate interactions, as is observed here.
Structural analysis of mutants
Analysis of the high-resolution X-ray crystal structures of MA190, GA216 + MA190 and GL216 + MA190 a-lytic proteases, both free and in complex with inhibitors, reveals a number of structural features that may be responsible for their altered function. For a comparative study of this sort to be valid, the inhibitor complexes must be reasonable models of the true transition state, subject to the same interactions as substrates. Peptide boronic acids have been found to satisfy this requirement well in past studies of aLP . They continue to be good models for transition states in GA216 + MA190 and GL216 + MA190, as evidenced by the linear correlation coefficient of 0.91 between log 10 (k cat /K m ) and log 10 (K I ) in Figure 3 . From transition state theory for enzymes obeying the Michaelis-Menten mechanism, the rate-limiting step of the enzyme-catalyzed reaction is stabilized by a free energy, DG ts , equal to −RT ln(k cat /K m ), where R is the gas constant and T is the absolute temperature. The proportional quantity log 10 (k cat /K m ) is used throughout the remainder of this discussion as a simpler measure of transition state stabilization. Figure 4 shows the superimposed structures of the active sites of the enzymes in the absence of inhibitor. The effects of the GA216 mutation are quite localized. Within Ala216, rotations of the F and C angles (by 25 and 15 degrees, respectively) shift the C a atom by 0.7 Å and the other backbone atoms by lesser amounts, slightly collapsing the substrate binding pocket. The pocket is further obstructed by the protruding side-chain. Residues 215, 217 and 218 are largely unaffected by the GA216 mutation. The GL216 mutation is somewhat more disruptive. Within Leu216, F and C change only about two-thirds as much as in GA216 + MA190, giving a backbone conformation intermediate between MA190 and GA216 + Figure 3 . Peptide boronic acid inhibitors continue to reflect transition state interactions for complexes with GA216 + MA190 and GL216 + MA190 a-lytic protease. Filled circles: data from this study (Table 4 and Figure 2 ). Open squares: data for complexes with wild-type, MA190, MA213 and VA218 aLP taken from the previously published work from the Agard Lab Wilson et al., 1991) . The linear correlation coefficient (R) between transition state stabilization (RT ln(kcat/Km) and inhibitor binding energy (RT ln(KI)) is 0.87 for all 23 data points plotted above. Elimination of the two data points indicated with arrows, corresponding to complexes of mAAP-boroVal with wild-type and MA190 aLP, raises R to 0.91. The slope remains unchanged at −0.7. For discussion for the significance of this, see . Rates of hydrolysis for the substrates analogous to these peptide boronic acid inhibitors are all quite high, with differences being due to changes in k cat (see Figure 2 ). From Figure 5 (a) it is clear that there are two very different positions for the boronate group covalently attached to Ser195 differing by 0.4 Å and involving pivoting of the boronate around the serine hydroxyl oxygen. One position corresponds to the mAAP-boroAla-inhibitor complex, the other to the mAAP-boroLeu and mAAPboroPhe complexes, which is a clear demonstration that significant structural perturbations in what should be a critical component of the catalytic mechanism can be accommodated and energetically offset by compensatory changes elsewhere in the complex set of interactions between enzyme and substrate.
The GA216 + MA190 mutant of a-lytic protease has the remarkable property of virtually eliminating the structural plasticity apparent in the MA190 enzyme (see Figure 5 (b)). The polypeptide backbone at residue 216 is displaced outward from the binding pocket upon complex formation by 0.3 Å . The position of the C a atom of Ala216 then varies by only 0.10 to 0.15 Å from this new position for the three inhibitor complexes examined. Given the resolution of the crystallographic data, the low B factors and R cryst values, and the small backbone root-mean-square (rms) positional deviations among the 12 final structures, positional error for these crystal structures is estimated to be 0.13(20.03) Å . Thus, the position of Ala216 is effectively invariant, which is in marked contrast to MA190. Steric constraints within the substrate binding pocket force the leucine side-chain into a relatively unfavorable rotamer conformation, which is stabilized by hydrophobic contacts provided by a 68°rotation of the Val218 side-chain, coupled with backbone shifts in residues 218 and 219. The Leu216 side-chain occludes more of the substrate binding cleft than does Ala216, but lies fairly low within the pocket and should not directly affect P 3 amino acid specificity.
To illustrate the behavior of the parent enzyme (MA190 aLP) in response to inhibitor binding, superimposed crystal structures of the active sites from complexes of MA190 with methoxysucccinyl-L-Ala-L-Ala-L-Pro (mAAP)-boroAla, -boroLeu and -boroPhe inhibitors are shown in Figure 5 (a). As has been discussed (Bone et al., , 1989b , the active site of MA190 aLP exhibits considerable, yet localized, structural plasticity upon complex formation. The principal regions of structure involved are the polypeptide backbone of residues 215, 216 and 218-219A, the side-chain and backbone conformation around Tyr171, and the side-chains of Arg192, Met213 and Val218. In response to their interactions with the backbone amide and carbonyl groups of residue 216 and the packing of the P 1 side-chain into the S 1 pocket, the inhibitors themselves adopt slightly different conformations in the various complexes. the behavior of Gly216 in the MA190 enzyme. The other key structural elements involved in inhibitor accommodation in MA190 aLP are similarly invariant for the mAAP-boroAla, mAAP-boroLeu and mAAP-boroPhe complexes of GA216 + MA190, except for a 120°rotation of the Val218 side-chain out of the substrate binding pocket in the mAAP-boroPhe complex. The absence of any backbone conformational change in residues 218-219A is interesting. Contrary to its behavior in the MA190 enzyme, this region of structure appears to be prevented from twisting into the binding pocket. However, this conformational locking is not the result of direct interactions with the side-chain of Ala216. Rather, it seems to be a consequence of packing between the Val218 side-chain and the P 3 residue of the inhibitor molecules. The conformational invariance of the enzyme at Ala216 results in positional invariance of the P 3 and P 4 inhibitor residues for mAAP-boroAla, mAAPboroLeu and mAAP-boroPhe complexes with GA216 + MA190. Backbone adjustments in residues 218-219A are therefore not required for optimal accommodation of these inhibitors. Rotation of the side-chain of Val218 in the complex with the boroPhe inhibitor is necessitated by steric clash of the P 1 side-chain with the valine g 1 methyl group.
GA216 + MA190 aLP shows greatly decreased activity toward sAAPF-pNA substrate, relative to sAAPA-pNA and sAAPL-pNA, due entirely to a lowered k cat value. Examination of the structures of the inhibitor complexes does not immediately suggest a reason for this significant change in substrate specificity. The phenylalanine side-chain is accommodated well within the substrate binding pocket, as reflected by the decreased K m for GA216 + MA190 with sAAPF-pNA substrate. This Michaelis complex appears to be seven times tighter than that of sAAPF-pNA with the MA190 enzyme. The fact that the kinetic defect appears in k cat suggests that the GA216 + MA190 mutation affects the transition state. However, relative to the mAAP-boroAla and mAAP-boroLeu complexes, there are no major changes in the position or orientation of the mAAP-boroPhe boronate group mimicking the tetrahedral transition state of the reaction with sAAPF-pNA, the oxyanion hole, or the catalytic triad.
Relative to MA190 aLP, k cat for GA216 + MA190 aLP is 27,000 times lower for the sAAPF-pNA substrate. The complexes of these two enzymes with the mAAP-boroPhe inhibitor are compared in Figure 6 (MA190 is shown in red and GA216 + MA190 in blue). The structural differences are minor, being largely confined to the backbone geometry at residue 216 and the orientation and positioning of the P 1 residue of the inhibitor molecules. Smaller differences are apparent in the P 3 -P 4 residues of the inhibitor, the side-chain of Val218 and the backbone structure in the vicinity of Tyr171. In the GA216 + MA190 complex, the Phe side-chain makes direct contact with the Ala216 side-chain and is forced to twist slightly up and out of the binding pocket. As a result, the phenylalanine ring is not sandwiched as effectively between the b sheets forming the sides of the substrate binding cleft; however, the changes do not significantly alter the amount of buried hydrophobic surface area and the presence of the Ala216 side-chain minimizes the resulting packing defects.
Like GA216 + MA190, GL216 + MA190 also shows minimal structural plasticity in response to inhibitor complex formation (see Figure 5(c) ). However, the larger leucine side-chain at residue 216 adds new constraints to the substrate binding pocket. The backbone geometry at residue 216 is altered upon inhibitor binding, with 216 C a moving by 0.3 Å , but this displacement is directed at an angle to that observed in GA216 + MA190. As with GA216 + MA190, this backbone geometry is then invariant among the three inhibitor complexes examined. In each complex, the sidechain of Val218 is rotated 180°about x 1 from its position in the uncomplexed GL216 + MA190 structure. As in GA216 + MA190, this appears to be a consequence of its packing against the P 3 amino acid of the inhibitor molecules. The sidechain of Leu216 remains in the relatively unfavorable rotamer conformation observed in the uncomplexed structure. Leu216 x 1 does not vary; however, rotation about x 2 allows the d methyl groups to pack closely against the P 1 side-chains of the various inhibitors.
Leu216 occupies a significant portion of the substrate binding pocket. To accommodate the inhibitors in this smaller binding pocket, their P 1 side-chains are forced into unusual conformations. These conformations, in combination with the other interactions linking the inhibitors to the enzyme, result in abnormal inhibitor positioning and orientation. For mAAP-boroLeu, the P 1 side-chain is pushed forward in the binding pocket, toward the catalytic triad, relative to the position it occupies in complexes with MA190 and GA216 + MA190 enzyme. In this configuration, the Leu side-chain does not penetrate as deeply into the S 1 subsite.
Compensatory changes also occur in the C backbone torsion angle of the P 1 residue and in the orientation of the proline ring in the P 2 residue, affecting the geometry of the inhibitor as it approaches Ser195. The boron of the inhibitor and the hydroxyl oxygen of Ser195 are displaced by 0.36 Å and 0.45 Å , respectively, from the positions they occupy in the complex of MA190 with mAAP-boroLeu. These structural perturbations appear to be quite detrimental to catalysis, as evidenced by the 1000-fold decrease in activity toward the homologous substrate (sAAPL-pNA), relative to MA190.
The GL216 mutation produces still greater distortions in the complex of the GL216 + MA190 enzyme with mAAP-boroPhe. The phenylalanine ring cannot be accommodated within the substrate binding pocket and thus binds flat against the surface of the enzyme. The same types of changes in inhibitor positioning and orientation observed for mAAP-boroLeu are apparent in this complex with mAAP-boroPhe; however, they are of greater magnitude. The distortions are sufficiently large to change the chemistry of the reaction of boronic acid with Ser195. Rather than the tetrahedral adduct seen in the other complexes described here, mAAP-boroPhe forms a trigonal planar adduct with GL216 + MA190, similar to that observed for the complex of mAAP-boroPhe with wild-type a-lytic protease (Bone et al., 1989a) . The distance between the boron of the inhibitor and the N e2 of His57 is 2.8 Å . This is inconsistent with bond formation between these two atoms, which has been proposed as an alternative structure for the wild-type aLP:mAAP-boroPhe complex .
As a consequence of the trigonal planar geometry of the boronic acid adduct, the F backbone torsion angle of the P 1 residue is affected, causing the ring of the P 2 proline to tip more to the side, slightly displacing the side-chain of Tyr171. In spite of these major changes at P 1 and P 2 , the P 3 and P 4 residues of the inhibitor are in the same positions they occupy in the mAAP-boroAla complex with GL216 + MA190 aLP. The activity of GL216 + MA190 a-lytic protease against the sAAPF-pNA substrate is quite low (24 M −1 s −1 ), but not significantly lower than that of GA216 + MA190 against the same substrate (51 M −1 s −1 ). As shown in Figure 6 , the differences in structure between the mAAP-boroPhe complexes of these two enzymes are profound, yet their kinetic properties are quite similar. The rates of hydrolysis of sAAPF-pNA by these two enzymes are equal to the basal catalytic rate described in the previous section and indicates that having poor S 1 :P 1 interactions can be functionally equivalent to having no S 1 :P 1 interactions. Additionally, it is especially striking that the altered binding of mAAP-boroPhe (and, by extension, of sAAPF-pNA) by GL216 + MA190 does not greatly affect the K m for hydrolysis.
Correlation of structural change with altered function
Given the large number of specific and nonspecific interactions between a-lytic protease and its substrates as modeled by peptide boronic acid inhibitors, identification of a subset of these interactions responsible for determining the relative rates of catalysis for different substrates becomes a complex task. As described in the preceding section, the mAAP-boroPhe complexes with the MA190 and GA216 + MA190 mutants of aLP have remarkably similar structures but very different values of k cat /K m for the homologous substrate. Alternatively, complexes that are structurally quite different (e g. the mAAP-boroPhe complexes of GA216 + MA190 and GL216 + MA190) can possess similar rates of catalysis. A structural model for the determination of substrate specificity would have to explain this seemingly contradictory data.
An objective statistical approach to the problem of identifying correlations between structure and function in an objective manner is clearly desirable. However, two obstacles must be overcome for a statistical treatment to be useful. First, in the absence of any obvious structural determinants of specificity, it is not possible to construct a simple mathematical model relating structural perturbation and aLP function. Second, this data set, consisting of nine experimental observations, is not large enough to permit the fitting of multi-parameter models. Non-parametric methods provide a way to overcome both of these problems. The Spearman rank-correlation coefficient (r s ) is a quantity similar to the familiar linear correlation coefficient (r) typically reported by linear fitting routines. The Spearman rank-correlation coefficient is computed using the ranks of the data in each dimension, rather than the numeric values, with some special treatment in cases of duplicate values (Press, 1992) . As a result, r s is independent of scale and largely insensitive to the functional form of the relationship between the two variables being tested. Its value ranges from −1.0 to 1.0, with (21.0) indicating complete and zero indicating no correlation. The sign of r s reflects the slope of a linear fit to a scatter plot of the ranks. For large sample size (n), values of r s are quite evenly distributed and approximate Student's t distribution with n − 2 degrees of freedom. As n becomes smaller, fewer values for r s are possible; however, Student's t distribution still provides a reasonable approximation. From either the t distribution or direct integration of the r s distribution for random data sets of size n, it is possible to compute the probability that a given value of r s indicates a true correlation between the two variables. For n = 9, r s values with magnitudes greater than 0.66 have a 95% or better chance of indicating true correlation.
Values for many of the typical measurements of protein structural variation, applied to the active sites of these three enzymes and nine enzyme:inhibitor complexes, are presented in Table 2 .
These include key active site hydrogen bond lengths, buried hydrophobic and polar surface area, atomic packing defects, and positional deviation within the boronate group that mimics the tetrahedral transition state of the peptide cleavage reaction. It should be noted that these are all aggregate properties of the various complexes and, although they are conceptually satisfying metrics, the inclusion of both important and unimportant interactions probably obscures more differences among the complexes than it reveals. Of the seven tabulated quantities, only one (the rms positional deviation of the invariant atoms of the P 1 -P 3 inhibitor residues) shows a significant correlation with catalytic activity of the corresponding enzyme:substrate pair (expressed as log 10 (k cat /K m )). Spearman rank-correlation coefficients for the remaining aggregate parameters are all below the 95% confidence limit. Therefore, none of them is an effective predictor of enzyme activity toward a particular substrate.
More informative is a statistical analysis of a larger set (117 per complex; see Table 3 ) of structural measurements, including such parameters as backbone torsion angles for residues 215 to 219A and the P 1 -P 4 inhibitor residues, side-chain torsion angles for His57, Ser195 and Val218, key active site hydrogen bond angles, and positional offsets of each inhibitor atom relative to their positions in the MA190:mAAP-boroPhe complex. Two important points should be made concerning these data. First, much of it is based on extremely small structural changes at the limit of detectability, given the resolution of the crystal structures. As a result, only the highest degrees of correlation should be considered significant. The second point is that, because the quantities in Table 3 are all measures of structural distortion relative to the MA190:mAAP-boroPhe complex, a bias is introduced into the r s calculations. Since the reference complex corresponds to the largest value of k cat /K m of the nine complexes being analyzed and, by definition, has distortion measurements of zero, the distribution of r s values computed from these data is shifted to favor negative values. The distribution remains symmetrical and narrows somewhat, but is centered around −0.3 rather than zero. The confidence limits for r s are affected as a result. Values of r s less than −0.73 or greater than 0.13 have a 95% or better likelihood of indicating a real correlation. The 90% confidence bounds are r s E−0.65 and r s e0.05.
Of these 117 measurements, 22 show significant (confidence e95%) r s values. Examination of these structural parameters most highly correlated with altered enzyme activity reveals that the primary determinants of substrate specificity include: (1) proper accommodation of the charged boronic acid oxygen (BO1) in the oxyanion hole of aLP (formed by the backbone nitrogen atoms of residues 193 and 195); (2) proper positioning of the catalytic triad (residues 57, 102 and 195); (3) proper geometry of the tetrahedral boronate adduct to Ser195; (4) positioning and internal geometry of the P 2 and P 3 substrate residues; (5) the backbone geometry of residues 217 and 218. The most significant r s values correspond to perturbation within the catalytic triad and the transition state mimicked by the boronic acid inhibitors. This is absolutely consistent with the kinetic data showing that the altered substrate specificities of these a-lytic protease mutants are due almost entirely to altered values of k cat (indicating perturbation of the transition state rather than changes to the Michaelis complex).
If the analysis is expanded to use 90% confidence limits for r s the additional correlations implicate two new structural elements as possible specificity determinants. Distortion of the backbone F angle of residue 216 is correlated with enzyme activity with r s = −0.717. Positional shifts of P 1 backbone atoms also show correlation at these reduced confidence limits.
Given the non-parametric nature of this analysis and the large number of significantly correlated experimental variables, it is not possible to assess the relative importance of these distortions of the catalytic machinery relative to the activity-correlated changes elsewhere in the active site. It therefore appears that, at least for the set of enzymes and inhibitors/substrates described here, substrate specificity is determined not by any particular interaction or small set of interactions, but rather, it is a function of a large number of interactions between enzyme and substrate that serve to immobilize the substrate molecule, properly position the scissile bond for attack by Ser195 and stabilize the resulting tetrahedral intermediate. Substrate specificity therefore appears truly to be a distributed property of the active site of a-lytic protease. Perona et al. (1995) have suggested that the backbone conformation of residue 216 is a key determinant of substrate preference, contributing to the proper positioning of the scissile bond with respect to Ser195, at least in the case of mammalian members of the trypsin family (Perona et al., 1995) . There is some concern that the altered kinetic properties of the trypsin mutants examined in their study may be due, at least partially, to the modification of residues 221 to 224 (Loop 2 in their notation). Scanning alanine mutagenesis in the corresponding region of a-lytic protease has revealed that even minor structural perturbation can significantly affect substrate specificity .
The kinetic and structural data presented here for mutations at residue 216 in a-lytic protease certainly support the importance of the hydrogen bonds between substrates or inhibitors and this region of structure, and there is correlation (albeit weak) between function and backbone geometry at residue 216. However, as has been demonstrated above, these structural features alone do not establish specificity for a-lytic protease mutants. For example, GA216 + MA190 and GL216 + MA190 a Metrics of structural perturbation relative to the complex of mAAP-boroPhe with GA216 + MA190 aLP. There are four types: angle, distance, torsion angle, and positional offset. Each is defined by one to four atomic positions, indicated as Atom1 to Atom4.
b Spearman rank-correlation coefficient between the specified perturbation measurement and log10(kcat/Km; see the text). c Confidence that corresponding value of rs indicates a true correlation. Two bullets, 95% confidence; one bullet, 90%.
aLP have the same 216 backbone conformation in complex with mAAP-boroAla, -boroLeu or -boroPhe, yet their specificity profiles (Figure 2(a) ) are quite different. Their structures clearly show important contributions from the side-chains at 216 and 218, the backbone geometry of residues 216 to 218, substrate conformation and the packing of the P 1 side-chain within the S 1 subsite. Nevertheless, it is true, as noted by Perona et al. (1995) for trypsin, that these structural changes alter the positioning of the scissile bond and other components of the catalytic apparatus in aLP, thereby affecting k cat .
Conclusions
The results presented here illustrate the complexity of the structure t function mapping problem and the difficulties inherent in attempts to engineer substrate specificity in serine proteases. Obviously, important interactions between enzyme and substrate such as steric compatibility and charge accommodation are modulated to such an extent by both adjacent and remote structural elements that ''rational'' mutagenesis frequently produces quite unexpected results. Mutants of MA190 aLP in which residue 216 has been replaced with amino acids of increasing size have the reasonable macroscopic property of restricting substrate specificity to substrates with P 1 = alanine. However, the microscopic structural changes responsible for the observed macroscopic behavior are complex and certainly not predictable in any simple heuristic fashion. Rudimentary statistical analysis of these systematically varied enzyme:inhibitor complexes has revealed important contributions from a variety of structural elements and suggests that virtually the entire active site and the substrate molecule itself are involved in conformational adjustments upon formation of the transition state. The altered backbone geometry, side-chain conformation and substrate positioning could conceivably be predicted through sophisticated energy minimization or molecular dynamics calculations, but such methods have their own limitations. A computational method based upon a rapid and exhaustive search of rotamer conformations has previously been shown to provide excellent predictions of the transition state stabilization energies (DG ts ) for substrate cleavage by a-lytic protease (Wilson et al., 1991) . Given the additional steric constraints introduced by mutations at position 216, the present algorithm does not adequately sample conformational space and thus provides poor estimates of DG ts for these mutants; however, modification of the program could alleviate this problem.
It is likely that specificity determination in a-lytic protease is a somewhat degenerate case of the general process. The binding cleft of wild-type aLP (and of the mutants studied here) is essentially a hydrophobic hole. Apart from stabilizing the charged tetrahedral transition state, electrostatic interactions play a relatively minor role in substrate binding. As a consequence, non-polar substrates can find reasonable, if not entirely optimal, modes of binding in a variety of active site mutants. In fact, the residual activity for aLP:substrate pairs, like GW216 + MA190 with sAAPF-pNA, indicates that aLP may not even require P 1 :S 1 interactions for successful transition state stabilization. For enzymes such as trypsin, which have more stringent electrostatic requirements, small changes can have extremely large effects on activity, such as the billionfold reduction in activity toward benzyloxycarbonyl-Gly-Pro-Arg-7-amido-4-methylcoumarin (Z-GPR-AMC) substrate observed for the Asp189 : Ser mutant (Hedstrom et al., 1992) . Subtle contributions to the catalytic mechanism from other interactions within the active site, so apparent in aLP, are probably still present, but are masked by the magnitude of the primary interaction.
The remarkable tolerance for mutations at position 216 shown by a-lytic protease makes it an excellent target for combinatorial mutagenesis in conjunction with residues 192, 213 and 218. Mutations at each of these positions have been shown to have significant effects upon the substrate specificity of a-lytic protease, and the idea of using interactions between these sites to sculpt further the specificity profile of the enzyme is appealing. With microtiter plate assays (Graham et al., 1993 (Graham et al., , 1994 Mace et al., 1995) , or with phage display techniques (Matthews et al., 1994; Matthews & Wells, 1993) , it will be possible to identify rapidly candidate enzymes with novel specificities.
A number of lines of evidence now point toward a significant role for dynamics in the mechanism of a-lytic protease. The extent to which enzyme and substrate (as modeled by homologous inhibitors) structures adjust to accommodate each other indicates that the interaction of the two molecules is far from being a rigid-body process. The nature and magnitude of these structural distortions is coupled in a complex fashion to enzyme function. Scanning alanine substitution of the 19 residues between 216 and 226 in a-lytic protease has been found to affect substrate specificity in a manner suggesting modified plasticity rather than altered static structure . The active site plasticity so apparent in MA190 aLP is virtually eliminated in the GA216 + MA190 and GL216 + MA190 mutants. Concomitant with this is an approximately tenfold reduction in activity toward a wide range of substrates that should not directly interact with the mutations at position 216.
Studies addressing the dynamic properties of the active site of a-lytic protease and its interaction with substrate are therefore likely to be exceptionally valuable for improving our understanding of the fundamental mechanisms underlying the function of this and, by extension, other enzymes. Although ultra-high-resolution, low-temperature crystallography will permit better quantitation of the structural perturbations present in enzyme:inhibitor complexes of a-lytic protease, such methods of static structural determination are of limited utility in exposing large-scale dynamic processes such as correlated motions of active site structural elements. Magnetic resonance investigations and molecular dynamics coupled with normal mode analysis should be considerably more informative. The structural and biochemical data for the reduced-plasticity mutants described here will greatly aid in the design and interpretation of such experiments.
Materials and Methods
Random mutagenesis of residue 216
All genetic manipulations in this work were carried out in the pALP12 expression vector described by Mace et al. (1995) . The specific variant of pALP12 used carries the pro-a-lytic protease gene with GA216 and MA190 mutations fused to the signal sequence of alkaline phosphatase, driven by an isopropyl-b-D-thiogalactopyranoside (IPTG)-inducible bacteriophage T7 PA1 promoter. Random mutagenesis of residue 216 was accomplished by cassette mutagenesis using doped oligonucleotides. Complementary top (54 nucleotides) and bottom (61 nucleotides) strands for the region between the DraIII and NheI restriction sites were synthesized (Howard Hughes Medical Institute DNA Facility, UCSF, San Francisco, CA). Positions corresponding to the codon for residue 216 of the aLP gene were doped with 25% each of A, C, G and T. The strands were annealed and ligated into pALP12 that had been cut with DraIII and NheI, and treated with calf intestinal phosphatase, according to standard procedures. Ligated plasmid DNA was transformed into D1210 (F lacIQ+ lacO gal pro leu thi end hsm hsr recA rpsL; Sadler et al., 1980) Escherichia coli for expression.
Transformants were obtained by selection for carbenicillin resistance on LB (Atlas, 1993) plates. A total of 129 candidate colonies were restreaked for isolation and tested for protease activity. Colonies were lifted onto nitrocellulose filter disks and grown overnight at room temperature on LB + carbenicillin plates containing 100 mM IPTG. Protease activity was detected by color change of the washed membrane following immersion in a solution of 1 mM phenol red, 2.3 mg/ml N-acetyl-L-Ala-L-Ala-L-Ala-methyl ester (pH 8.5; both from Sigma Chemical Co., St Louis, MO). The detection limit of this plate assay is approximately 70 ng of aLP and, because it utilizes an ester substrate, is relatively insensitive to changes in substrate specificity. Of 109 candidates, 65 showed activity with this assay. A total of 24 active candidates and 12 inactive candidates were sequenced to identify the amino acid at position 216 and verify the absence of other changes to the gene. Sequenase reagent kits (United States Biochemical, Cleveland, OH) with deaza-GTP labeling mix were used to avoid band compression, due to the high G + C content of the aLP gene.
Production, minipurification and kinetic characterization of mutants
A number of 25 ml cultures of D1210 cells carrying the mutant plasmid DNA were grown in LB medium supplemented with streptomycin (20 mg/ml) and carbenicillin (100 mg/ml). After growth at 37°C to an absorbance at 600 nm of 0.8, the cultures were cooled to 18°C. Agitation of the cultures was reduced to 125 rpm. After a minimum of 1.5 hours at 18°C, IPTG was added to a final concentration of 100 mM. Secretion of the protease into the culture medium began within 24 hours and reached its maximum level after five or six days.
The cultures were harvested after five days and the cells removed by centrifugation at 6000 g for eight minutes. a-Lytic protease from 8 ml of culture supernatant was purified and concentrated using the rapid minipurification protocol . The concentration of purified aLP was determined by a double antibody-sandwich protocol and kinetic characterization of the enzymes was carried out in 96-well microtiter plates. The substrates used were all of the form sAAP-L-X-pNA, where X is one of eight amino acids (X = Gly, Thr, Val, Leu, Ile, Met, Phe from Bachem, Torrance, CA or Ala from Sigma Chemical Co., St Louis, MO). Release of the pNA leaving group in the reactions was monitored at 405 nm in kinetic mode on a ThermoMax plate reader (Molecular Devices, Menlo Park, CA). Detailed descriptions of the ELISA and kinetic analysis protocols are presented elsewhere . Methoxysuccinyl-L-Ala-L-Ala-L-Pro-boroAla, -boroLeu, and -boroPhe peptide boronic acid inhibitors were provided by Charles Kettner . Inhibition constants (KI values) for these inhibitors were calculated by the method of Lineweaver & Burk (Segel, 1993) .
Large-scale expression, purification, and crystallization of selected mutants GA216 + MA190 and GL216 + MA190 were selected for crystallization attempts. A number of 4 ml cultures of D1210 E. coli carrying the appropriate plasmids were grown overnight at 37°C in growth medium: LB supplemented with streptomycin (20 mg/ml) and carbenicillin (100 mg/ml). This overnight culture was used to inoculate a 200 ml culture of growth medium. After overnight shaking at 37°C, it was used to inoculate 4 l of growth medium supplemented with ACES buffer (30 mM N-(2-acetamido)-2-amino-ethanesulfonic acid; Sigma Chemical Co., St Louis, MO) and distributed among four smooth-bottomed Fernbach flasks. The buffer helps maintain a neutral pH in the culture, reduce proteolysis and prevent cell lysis over the five to seven days of expression. The cultures were shaken at 37°C until they reached an absorbance at 600 nm of 0.8. The temperature was lowered to 18°C and the shaking speed was reduced to 100 to 125 rpm. After approximately two hours, IPTG was added to the cultures to a final concentration of 100 mM. The aLP levels in the culture were monitored by spectrophotometric measurement of the hydrolysis of 1 mM succinyl-L-Ala-L-Pro-pNA substrate (Sigma Chemical Co., St Louis, MO) in 100 mM Tris-HCl (pH 8.0). The cultures were harvested when protease levels had peaked and before the cells began to lyse. Expression levels of 25 to 35 mg/l were typical for the GA216 + MA190 and GL216 + MA190 mutants in large-scale culture.
Cells were removed from the cultures by centrifugation at 8000 g for ten minutes. The resulting supernatant was pooled, diluted threefold with distilled/deionized water, and adjusted to pH 5.0 with glacial acetic acid. The conductance of the resulting solution was checked, and additional water added until it was less than 9 millimho. Approximately 75 ml of washed S-Sepharose fast-flow resin (Sigma Chemical Co, St Louis, MO) was added and mixed, with overhead stirring, for several hours at 4°C. Additional resin was added, as necessary, to achieve 85 to 90% binding of protease activity. The resin was allowed to settle and the supernatant decanted. The resin was washed with ten volumes of 10 mM sodium acetate buffer (pH 5.0), and packed into a column. After washing with 10 mM glycine buffer (pH 9.6), the protease was eluted in a four-column-volume gradient of 0 mM to 200 mM NaCl in the glycine buffer at pH 9.6. The a-lytic protease and its major degradation product can be separated with this column. Dialyzed aLP from the S-Sepharose column was further purified on a preparative scale Mono-S H/R HPLC column (Pharmacia Fine Chemicals, Uppsala, were used in refinement. Sweden) in 10 mM sodium phosphate buffer (pH 7.2), with a gradient of 0 mM to 250 mM sodium acetate. The aLP eluted as a sharp, highly concentrated peak and ran as a single band on a sodium dodecyl sulfate/polyacrylamide gel stained with Coomassie blue dye. Following dialysis and concentration in a Centricon-10 concentrator (Amicon, Inc., Beverly, MA), the protein was ready for crystallization.
Crystals of GA216 + MA190 and GL216 + MA190 aLP were grown from 1.4 M Li2SO4 + 20 mM Tris-HCl (pH 8.0) by the hanging drop vapor diffusion method at a temperature of 4°C. Enzyme-inhibitor complexes were prepared by adding concentrated inhibitor solutions (0.25 to 0.5 M, in water) in small amount to the 5 ml vapor diffusion droplets containing one to five protease crystals. Multiple amounts were added over several days to achieve the final inhibitor concentrations shown in Table 4 .
X-ray data collection, reduction and analysis
Data from crystals of aLP or aLP-inhibitor complex were collected on a Rigaku AFC5R diffractometer with a graphite monochromator. The intensities of seven check reflections were monitored during data collection to correct for crystal decay (<20%). As in previous studies (Bone et al., 1989a , inhibitor complex crystals were isomorphous with native crystals and unit cell parameters varied only slightly (<0.7%). Similarly, cell parameters for uncomplexed GA216 + MA190 and GL216 + MA190 varied only minimally (<0.2%) from those of MA190 aLP. Corrections were made for absorbtion, Lorenz factor and polarization by standard methods, and for backgrounds by the method of Krieger et al. (1974) . Data were collected by v scan in shells of 2u, adjusting the scan rate to maximize the number of reflections with I/sI > 3.
Initial Fourier maps were calculated with phase information from the previously refined structure of MA190 a-lytic protease (Bone et al., 1989b) , after removing water molecules and a sulfate ion from the active site. Inhibitor molecules were added to the model using the molecular graphics package chain, version 5.5 (Sack, 1988 ). Structure refinement was performed with x-plor, version 3.1 (Brunger, 1992) , for which the topology (toph19x.pro) and parameter (param19x.pro) files were modified to handle tetrahedral and trigonal boronate adducts to Ser195. Geometric restraints in these modified files were reduced to the minimum levels required to maintain overall geometry and to effectively up-weight the contribution of crystallographic terms to the x-plor forcefield during structure refinement. For tetrahedral adducts, a deprotonated boronate oxygen in the oxyanion hole and a formal −1 charge equally distributed between this oxygen and the boron gave an optimal fit of the electron density. For trigonal adducts, such as the complex of GL216 + MA190 with mAAP-boroPhe inhibitor, a protonated free oxygen and neutral charge were used. Additional crystallographic quantities and statistics are presented in Table 4 .
Previously refined data sets for MA190 a-lytic protease and its complexes with mAAP-boroAla, -boroLeu and -boroPhe inhibitors (Bone et al., , 1989b were re-refined in a manner identical to that for the newly acquired structural data. Surface area calculations (Table 2) were performed using Connolly's program MS (Connolly, 1983a,b) . Solvent-accessible volume calculations (Table 2) were performed on a 0.1 Å 3 cubic grid with a 1.3 Å solvent probe sphere, standard van der Waals' radii, and without hydrogen atoms.
